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Recently it has been noticed that the Fermi-LAT data of gamma-rays from some galactic pulsars
and supernova remnants reveal spectral modulations that might be explained by the conversion
of photons to ALPs (axion-like particles) induced by the conventional ALP coupling to photon in
the presence of galactic magnetic fields. However the corresponding ALP mass and coupling are
in a severe tension with the observational constraints from CAST, SN1987A, and other gamma-
ray observations. Motivated by this, we examine an alternative possibility that those spectral
modulations are explained by other type of ALP coupling involving both the ordinary photon and
a massless dark photon, when nonzero background dark photon gauge fields are assumed. We find
that our scheme results in oscillations among the photon, ALP, and dark photon, which can explain
the gamma-ray spectral modulations of galactic pulsars or supernova remnants, while satisfying the
known observational constraints.
I. INTRODUCTION
Light axion-like particles (ALPs) and hidden U(1)
gauge bosons have been widely discussed as well-
motivated candidates for physics beyond the Standard
Model of particle physics [1]. An appealing feature of
those particles is that their lightness is protected from
unknown UV physics by symmetry. They are also a good
candidate for dark matter, and can result in a variety of
other astrophysical and cosmological consequences. One
of such phenomena associated with ALP is the photon to
ALP conversions [2] in the presence of background mag-
netic fields, which may cause spectral modulations of X-
rays [3–6] or gamma-rays [7–11] from pointlike sources,
spectral distortion of CMB [12–15], change of the cosmic
opacity of intergalactic medium [25–34], etc.
Recently it has been noticed that the Fermi-LAT data
of high energy gamma-rays from some galactic pulsars [7]
and supernova remnants [8] reveal an intriguing spectral
modulation (or irregularity) which might be explained by
the photon to ALP conversions caused by the coupling
1
4
gaγγaFµν F˜
µν = −gaγγa ~E · ~B (1)
in the presence of galactic magnetic fields, where Fµν =
∂µAν − ∂νAµ is the gauge field strength of the ordinary
U(1)em gauge field Aµ, and F˜
µν = 12
µνρσFρσ is its dual.
However the ALP mass ma ' few × 10−9 eV and the
coupling gaγγ ' few × 10−10 GeV−1, which are required
to explain those modulations, are in a severe tension with
the CAST bound gaγγ < 6.6× 10−11 GeV−1 [35], as well
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as with the absence of gamma-ray bursts associated with
SN1987A [36] and the Fermi-LAT data of gamma-rays
from the galactic nucleus NGC 1275 in the center of the
Perseus cluster [9, 10].
Motivated by this observation, in this paper we exam-
ine an alternative scenario to explain those gamma-ray
spectral modulations by means of the photon-ALP-dark
photon oscillations caused by the ALP coupling [37, 38]
1
2
gaγγ′aXµν F˜
µν = −gaγγ′a
(
~E · ~BX + ~B · ~EX
)
(2)
in the presence of background 〈BX〉 and/or 〈EX〉, where
Xµν = ∂µXν − ∂νXµ = ( ~EX , ~BX) is the gauge field
strength of a massless dark photon gauge field Xµ. Like
the ordinary ALP coupling (1), the above ALP coupling
involving both the ordinary photon and dark photon
generically exists once a dark photon field is introduced in
the theory. As we will see, this coupling induces the con-
version of gamma-rays to ALPs or dark photons, which
can successfully explain the gamma-ray spectral mod-
ulations noticed in [7] and [8] for certain range of ALP
parameters and background dark photon gauge fields, in-
cluding
ma = O(10−9) eV,
gaγγ′ = O(10−11 − 10−10) GeV−1, (3)
〈BX〉 = O(1)µG.
As we will show later, contrary to the scheme based on
the ordinary ALP coupling gaγγ , this scenario can be
compatible with all the available constraints on gaγγ′ .
A key ingredient of this scenario is the existence of a
background dark photon gauge fields 〈BX〉 and/or 〈EX〉
with a strength comparable to (or even bigger than) the
galactic magnetic fields ∼ 1µG and a coherent length
longer than the typical galactic size ∼ 1 kpc. If they were
generated in the early universe, such background dark
photon gauge fields may result in a dangerous distortion
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2of CMB due to the resonant conversion of CMB photons
to axions, which would occur when the effective photon
mass mγ(t) in the early universe crosses the ALP mass
ma [13–15]. To avoid this problem, we need to generate
the background dark photon gauge fields at a late time
with mγ(t) < ma. In this paper, we will introduce an ex-
plicit model [16–24] for such a late generation of the back-
ground dark photon gauge fields, involving an additional
ultra-light ALP φ with mφ . 10−27 eV, whose late coher-
ent oscillations cause a tachyonic instability of the dark
photon gauge fields and amplify the vacuum fluctuations
to the desired background fields 〈BX〉 ∼ 〈EX〉 & 1µG.
This paper is organized as follows. In Sec. II , we dis-
cuss the photon-ALP-dark photon oscillations induced
by the coupling (2) in the presence of background 〈BX〉
and/or 〈EX〉. In Sec. III, we examine if the gamma-
ray spectral modulations noticed in [7] and [8] can be
explained by the conversion of gamma-rays to ALPs or
dark photons, which results from the photon-ALP-dark
photon oscillations. In Sec. IV, we discuss the observa-
tional constraints on the ALP coupling (2) and examine
if our scenario can be compatible with those constraints.
Obviously the ALP coupling gaγγ′ is free from the bound
from helioscope axion search experiments such as CAST.
Yet it should satisfy the bound from stellar evolution
[47], as well as another bound from the non-observation
of gamma-ray bursts associated with SN1987A [36]. We
also need to generate the background dark photon gauge
fields at a late time with mγ(t) < ma to avoid a danger-
ous distortion of CMB [13–15]. In the later part of Sec
IV, we present an explicit model for such a late genera-
tion of the background dark photon gauge fields. Sec. V
is the conclusion.
II. PHOTON-ALP-DARK PHOTON
OSCILLATIONS
Our scheme is based on a model involving a light ALP
and also a massless hidden U(1)X gauge boson Xµ, which
is dubbed the dark photon in this paper [1]. We assume
that there is no light U(1)X -charged matter fields. Here
we are interested in the photon-ALP-dark photon oscil-
lations induced by the ALP coupling [37, 38]
1
2
gaγγ′aXµν F˜
µν = −gaγγ′a
(
~E · ~BX + ~B · ~EX
)
(4)
in the presence of nonzero background dark photon gauge
fields, 〈EX〉 and/or 〈BX〉, as well as an ordinary back-
ground magnetic field 〈B〉. Since there is no U(1)X -
charged matter, 〈EX〉 can be non-vanishing and then the
equations of motion of Xµ suggest 〈EX〉 ∼ 〈BX〉 [20].
Generically there can be other ALP couplings such as
gaγγaF F˜ and gaγ′γ′aXX˜. For simplicity, here we will as-
sume that gaγγ′ dominates over gaγγ and gaγ′γ′ as much
as we need. Note that in many cases the ALP cou-
plings to gauge fields are quantized as they are gener-
ated by the loops of fermions carrying quantized charges
of the U(1)PQ, U(1)em and U(1)X , where U(1)PQ de-
notes the (spontaneously broken) global U(1) symmetry
associated with the ALP field “a”. In those cases, one
can arrange the relevant PQ and gauge charges appropri-
ately to get the desired pattern of ALP couplings such
as |gaγγ′ | & |gaγ′γ′ |  |gaγγ |. Alternatively, one may
use the clockwork mechanism [39–42] to generate such
pattern of ALP couplings as was done in [43–45] to get
an axion-photon coupling much stronger than the axion-
gluon coupling.
To examine the oscillations among the photon, dark
photon and ALP, let us choose the temporal gauge A0 =
X0 = 0. Then the equations of motion describing the
propagation of small field fluctuations of ~A, ~X and a in
the background 〈 ~B〉, 〈 ~BX〉 and 〈 ~EX〉 are given by
∂µ∂
µ ~A = gaγγ′
(
〈 ~BX〉∂ta− 〈 ~EX〉 × ∇a
)
,
∂µ∂
µ ~X = gaγγ′〈 ~B〉∂ta, (5)
∂µ∂
µa+m2aa = −gaγγ′
(
〈 ~B〉 · ∂t ~X + 〈 ~BX〉 · ∂t ~A
−〈 ~EX〉 · ∇ × ~A
)
.
From the above wave equations, we note that the fol-
lowing transverse background fields induce oscillations
among the photon, dark photon and ALP:
~BT = 〈 ~B〉 − kˆ(kˆ · 〈 ~B〉),
~BXT = 〈 ~BX〉 − kˆ(kˆ · 〈 ~BX〉)− kˆ × 〈 ~EX〉, (6)
where ~k is the momentum of the propagating particles
and kˆ = ~k/|~k|. In the relativistic limit, the corresponding
propagation equation is well approximated by [2]
[
w + i∂z −M
] A‖X‖
a
 = 0 , (7)
where ω = |~k| and z is the spacial coordinate along the
direction kˆ. Here A‖ and X‖ denote the polarization of
~A and ~X in the direction of ~BXT and ~BT , respectively:
A‖ =
~BXT · ~A
BXT
, X‖ =
~BT · ~X
BT
, (8)
and
M =

ω2pl
2ω 0
gaγγ′BXT
2
0 0
gaγγ′BT
2
gaγγ′BXT
2
gaγγ′BT
2
m2a
2ω
 , (9)
where ω2pl = 4piαne/me is the plasma frequency in a
medium with the electron number density ne.
Here we are mostly interested in the conversion of ini-
tial unpolarized photon to ALP or dark photon in the
limit when the plasma frequency is negligible:
ω2pl  min
(
m2a, gaγγ′ω
√
B2T +B
2
XT
)
, (10)
3which turns out to be the case for our scenario to explain
the gamma-ray spectral modulations noticed in [7] and
[8]. To get some insights on the photon-ALP-dark pho-
ton oscillations, let us consider a simple situation that all
background fields have a coherent length which is large
enough to treat them as constants over the photon prop-
agation distance d. It is then straightforward to find that
the conversion probabilities in such case are given by
Pγ→a = Pa→γ =
(
B2XT
B2XT +B
2
T
)(
ω2
ω2 + ω2c
)
sin2
4oscd
2
,
Pγ→γ′ = Pγ′→γ =
2B2XTB
2
T
(B2XT +B
2
T )
2
(
1− cos 4ad
2
cos
4oscd
2
− ωc√
ω2 + ω2c
sin
4ad
2
sin
4oscd
2
− ω
2
2(ω2 + ω2c )
sin2
∆oscd
2
)
, (11)
where d is the propagation distance, and
ωc =
m2a
2gaγγ′Beff
, ∆a = gaγγ′Beff
ωc
ω
,
∆osc = gaγγ′Beff
√
1 +
(ωc
ω
)2
(12)
for
Beff ≡
√
B2XT +B
2
T . (13)
From the above results, we find the following photon sur-
vival probability for the photon-ALP-dark photon oscil-
lations induced by the ALP coupling gaγγ′ :
(Pγ→γ)gaγγ′ =
B4XT +B
4
T
(B2XT +B
2
T )
2
−
(
B2XT
B2XT +B
2
T
)2(
ω2
ω2 + ω2c
)
sin2
4oscd
2
+ 2
(
BXTBT
B2XT +B
2
T
)2(
cos
4ad
2
cos
4oscd
2
+
ωc√
ω2 + ω2c
sin
4ad
2
sin
4oscd
2
)
. (14)
For later discussion of the possibility that the ALP
coupling gaγγ′ explains the gamma ray modulations no-
ticed in [7] and [8], let us compare the photon depletion
caused by gaγγ′ in background U(1)X gauge fields with
the photon depletion by gaγγ in ordinary magnetic fields.
As is well known [2], the photon survival probability for
the photon-ALP oscillations caused by gaγγ in ordinary
magnetic fields is given by
(Pγ→γ)gaγγ = 1−
(
ω2
ω2 + ω˜2c
)
sin2
∆˜oscd
2
, (15)
where
ω˜c =
m2a
2gaγγBT
, ∆˜osc = gaγγBT
√
1 +
(
ω˜c
ω
)2
. (16)
There are two key spectral features of the above photon
survival probability. The first is the step-down of Pγ→γ
at ω ∼ ω˜c, which represents the transition from the small
mixing limit ω  ω˜c to the large mixing limit ω  ω˜c.
The size of step-down is given by
∆P ≡ Pγ→γ(ω  ω˜c)− Pγ→γ(ω  ω˜c)
= sin2
(
gaγγBT d
2
)
, (17)
which can be significant when gaγγBT d & O(1). Such
significant step-down of the photon survival probability
may result in an observable spectral irregularity (or mod-
ulation) of the photon intensity around ω ∼ ω˜c. An
additional feature of (Pγ→γ)gaγγ is the oscillatory be-
havior due to sin2(∆˜oscd/2), which has an width ∆ω =
O(piω˜c/gaγγBT d) and becomes appreciable right before
the step-down. In most cases, such oscillatory behavior
is more difficult to be detected, and the spectral modula-
tions (irregularities) noticed in [7] and [8] correspond to a
step-down of the gamma-ray intensity around ω = O(1)
GeV.
The photon survival probability (Pγ→γ)gaγγ′ of (14)
appears to be significantly more complicated than
(Pγ→γ)gaγγ of (15). Yet, as long as BXT is not negligible
compared to BT , it reveals a similar step-down behavior
at ω ∼ ωc, as well as a similar oscillatory feature with
an width ∆ω = O(piωc/gaγγ′Beffd). To see this, let us
first consider the case BXT  BT . In such case, the
dark photon is decoupled and the resulting photon-ALP
oscillation yields
(Pγ→γ)gaγγ′
' 1−
(
ω2
ω2 + ω2c
)
sin2
(
gaγγ′BXT d
2
√
1 +
ω2c
ω2
)
(18)
for BT  BXT . Obviously the above (Pγ→γ)gaγγ′ mimics
(Pγ→γ)gaγγ with the simple correspondence
gaγγ′BXT → gaγγBT . (19)
Even when BXT . BT , if it is non-negligible, there
can be a significant step-down of (Pγ→γ)gaγγ′ at ω ∼ ωc.
From (14), one finds
(Pγ→γ)gaγγ′ (ω  ωc)
' 1− 4B
2
XTB
2
T
(B2XT +B
2
T )
2
sin2
(
gaγγ′Beffd
8
ω
ωc
)
(20)
and
(Pγ→γ)gaγγ′ (ω  ωc)
' 1− B
4
XT
(B2XT +B
2
T )
2
sin2
(
gaγγ′Beffd
2
)
− 2B
2
XTB
2
T
(B2XT +B
2
T )
2
(
1− cos
(
gaγγ′Beffd
2
)
× cos
(
gaγγ′Beffd
2
ωc
ω
))
. (21)
4When gaγγ′Beffd = O(1), which is the case relevant for
us, this results in the following step-down of the photon
survival probability:
∆P = Pγ→γ(ω  ωc)− Pγ→γ(ω  ωc)
' 4B
2
XTB
2
T
(B2XT +B
2
T )
2
sin2
(
gaγγ′Beffd
4
)
+
B4XT
(B2XT +B
2
T )
2
sin2
(
gaγγ′Beffd
2
)
. (22)
This step-down of the photon survival probability can be
sizable enough to yield an observational consequence if
BXT is comparable to BT .
The discussions above indicate that the results of [7]
and [8], which are based on the ALP coupling gaγγ , can
be reproduced also by gaγγ′ for appropriate range of ALP
parameters if the background dark photon gauge fields
EX and/or BX are comparable to or even larger than
the galactic magnetic fields B ∼ 1µG. In the next sec-
tion, we examine this possibility in more detail for specific
gamma-ray sources, the galactic pulsar J2021+3651 and
the supernova remnant IC443.
III. GAMMA-RAY SPECTRAL MODULATIONS
In [7] and [8], Fermi-LAT data of gamma-rays from
some galactic pulsars with a distance d ' 5 − 10 kpc
and supernova remnants with d ' 1 − 5 kpc were ex-
amined to see if there is any irregularity in the spec-
trum. It was then noticed that the data indicates spec-
tral modulations at ω ∼ 1 GeV, which might be ex-
plained by the photon-ALP oscillations induced by an
ALP coupling gaγγ ∼ few × 10−10 GeV−1 in the pres-
ence of galactic magnetic fields B ∼ 1µG for ALP mass
ma ∼ few × 10−9 eV. However these ALP parameters
are in conflict with the bound from CAST [35], as well
as with the non-observation of gamma-ray bursts associ-
ated with SN1987A [36]. This motivates us an alternative
scenario that those spectral modulations are explained
by the photon-ALP-dark photon oscillations induced by
gaγγ′ , which were discussed in the previous section.
In the previous section, the conversion probabilities for
the photon-ALP-dark photon oscillations have been de-
rived when the background gauge fields are assumed to
be constant. In the following, we take a more elabo-
rate approach taking into account the spacial variation
of galactic magnetic fields along the line of sight towards
the gamma-ray sources, and solve the propagation equa-
tion (7) numerically. Specifically, we adopt the latest
model for galactic profile of the magnetic field, i.e. the
Jansson and Farrar model [46], which was adopted also
in [7] and [8]. As for the background dark photon gauge
field component BXT , we simply assume that it is ho-
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FIG. 1. Photon (red), dark photon (magenta), and
ALP (blue) intensity along the line of sight towards PSR
J2021+3651 for the ALP parameters and background BXT
given in (23) and the photon energy ω = 3 GeV.
mogeneous enough1 to be treated as constant over the
galactic distance scales of O(1) kpc.
In Fig. 1, we depict the intensities of photon (red),
dark photon (magenta) and ALP (blue) along the line
of sights towards PSR J2021+3651 for the initial photon
energy ω = 3 GeV and the following two benchmark
values of the ALP mass, ALP coupling and background
dark photon gauge field, (ma, gaγγ′ , BXT ):
(2.5 neV, 1.0× 10−10 GeV−1, 1.0 µG),
(3.9 neV, 4.6× 10−11 GeV−1, 6.5 µG). (23)
Fig. 2 shows the corresponding spectral dependence of
the photon survival probability, showing a significant
step-down of the probability at ω ∼ 1 GeV, which may
explain the spectral modulation noticed in [7].
Since the distance d ∼ 1.5 kpc from IC443 is sig-
nificantly shorter than the distance d ∼ 10 kpc from
1 Indeed our mechanism to generate the background dark photon
gauge fields, which will be presented in the later part of the next
section, yields a coherent length λ kpc of the produced BXT ,
justifying this assumption.
5J2021+3651, the best model parameters (ma, gaγγ′ and
BXT in our case) to explain the spectral irregular-
ity of IC443 is generically different from the ones for
J2021+3651. As the full χ2-analysis to identify the best
model parameters for the full set of data involving all
the available galactic pulsars and SN remnants is beyond
the scope of this paper, here we take a less ambitious ap-
proach to consider the benchmark model parameters for
J2021+3651 and IC443 separately. Note that the best
values of ma, gaγγ′ and BXT depend also on the detailed
profile of the galactic magnetic fields. For instance, we
have a better prospect for explaining the both modula-
tions with the same model parameters if we use the older
models for galactic magnetic fields as in [8], which would
predict larger BT than the Jansson and Farrar model
[46]. On the other hand, if one keeps using the Jansson
and Farrar model for galactic magnetic fields, the spec-
tral irregularity of IC443 is better explained by different
model parameters, e.g. (ma, gaγγ′ , BXT ):
(7.2 neV, 3.5× 10−10 GeV−1, 1.0 µG),
(6.5 neV, 5.3× 10−11 GeV−1, 6.5 µG). (24)
Fig. 3 shows the resulting spectral dependence of the sur-
vival probability for gamma-rays from IC443. Again the
significant step-down of the probability at ω = O(1) GeV
might be the reason for the spectral irregularity of IC443
noticed in [8].
Our results imply that the ALP parameters and back-
ground dark photon fields specified in (3) can explain
the spectral modulations of galactic pulsars and super-
nova remnants noticed in [7] and [8] by means of the
ALP coupling gaγγ′ . Refs. [7] and [8] have performed a
χ2-analysis to find the statistical significance of the ALP-
conversion scenario relative to the no-ALP scenario. Al-
though such analysis is beyond the scope of this work,
comparing Fig. 2 and Fig. 3 with the results of [7] and
[8], we expect that our alternative explanation based on
gaγγ′ has a similar statistical significance as the explana-
tions proposed in [7] and [8].
IV. OBSERVATIONAL CONSTRAINTS AND A
LATE GENERATION OF THE BACKGROUND
DARK PHOTON GAUGE FIELDS
In this section, we examine if our photon-ALP-dark
photon oscillation scenario discussed in the previous sec-
tion can be compatible with the observational constraints
available at present. Note that the major problem of the
previous explanation based on the ALP coupling gaγγ ,
which was suggested in [7] and [8], is the conflict with
the bound on gaγγ from CAST [35] and also the non-
observation of gamma-ray bursts from SN1987A [36]2.
2 According to the recent analysis [10], the explanation by gaγγ is
disfavored also by the gamma-ray spectra of NGC 1275, although
it is within the allowed region of the previous analysis [9].
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FIG. 2. Spectral dependence of the photon survival probabil-
ity for the gamma-rays from PSR J2021+3651. Red curves
denote the results for gaγγ′ given in (23), while the dashed
blue curve denotes the result for gaγγ obtained in [7].
We first note that our ALP coupling gaγγ′ does not
cause a conversion of ALP to photon in background mag-
netic field, and therefore is not constrained by helioscopic
axion search experiments such as CAST. It is yet con-
strained by a variety of astrophysical and/or cosmologi-
cal observations, including the stellar evolution, the ab-
sence of gamma-ray bursts from SN1987A, and a distor-
tion of CMB. In the following, we examine those con-
straints on gaγγ′ to see if the ALP parameters and the
background dark photon gauge fields which would ex-
plain the gamma-ray modulations noticed in [7] and [8]
can pass the observational constraints. In the later part
of this section, we introduce an explicit model to gener-
ate the background dark photon gauge field 〈BX〉 and/or
〈EX〉, which is a key ingredient of our scheme.
A. Stellar evolutions
Let us start with the constraint from stellar evolution.
If light hidden sector particles are produced and success-
fully emitted from the core of star, such additional energy
6gaγγ
gaγγ'
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FIG. 3. Spectral dependence of the photon survival probabil-
ity for the gamma-rays from IC443. Red curves denote the
results for gaγγ′ given in (24), while the dashed blue curve
denotes the result for gaγγ obtained in [8].
loss mechanism can affect the properties of the stellar ob-
ject such as the core mass, luminosity, and lifetime [47].
In an ionized plasma such as the core of star, the ex-
citations of the electromagnetic field possess a different
dispersion relation due to the coherent interaction with
medium, and the photon obtains an effective mass, the
plasmon mass ωpl =
√
4piαne/me. In the presence of
the ALP coupling gaγγ′ , the massive plasmons decay into
ALP and dark photon through the coupling gaγγ′ . The
corresponding decay width is given by
Γpl =
g2aγγ′
96pi
ω4pl
ω
[
β
(
1,
ma
ωpl
)]3/2
, (25)
where β(x, y) = x4 + y4 − 2x2y2. This results in the
following energy loss rate per volume:
Qpl =
2
2pi2
∫ ∞
0
dkk2
ωΓpl
eω/Tc − 1 , (26)
where Tc is the core temperature. Here only the contribu-
tions from the decays of transverse plasmon modes are
considered as the longitudinal modes have a negligible
number density.
The most stringent constraint associated with the
above plasmon decays comes from the observationally in-
ferred core mass at the tip of red giant. Any extra cooling
during the red-giant phase causes a delay of the helium
ignition until the core mass at the helium flash reaches an
adequate value, i.e. an increment of the core mass [48].
On the other hand, in view of the brightness at the tip of
the red-giant branch in globular clusters, the core mass
at the helium flash cannot exceed its standard value by
more than 5% [47]. Imposing this condition, the energy
loss by plasmon decays is constrained as
Qpl
ρ
. 10 erg g−1 s−1, (27)
which results in the following upper bound:
gaγγ′ . 5× 10−10 GeV−1 for ma,mX . 10 keV, (28)
where ρ denotes the energy density of core, and mX de-
notes the dark photon mass which is assumed to be zero
in our case.
B. Gamma ray bursts from SN1987A
In the presence of nonzero background dark photon
fields, there can be additional constraints on gaγγ′ . One
such example is the constraint from the gamma-ray
bursts associated with SN1987A [36]. When the neutrino
signals from SN1987A were observed, the Gamma-Ray
Spectrometer on the Solar Maximum Mission satellite
was operating to detect the γ-ray signals in the three en-
ergy bins, 4.1−6.4 MeV, 10−25 MeV, and 25−100 MeV,
and found no appreciable gamma-ray excess [49]. This
results in the following 95% confident upper bounds on
the gamma ray fluence Fγ over the SN neutrino duration
time tdur ' 10 sec:
Fγ < (0.9, 0.4, 0.6) γ cm−2 (29)
for (4.1− 6.4, 10− 25, 25− 100) MeV.
In our case, the ALPs and dark photons are pro-
duced by the plasmon decays in SN1987A whose rate
is given by (25). Accepting the core-collapse supernovae
model with the 18 M⊙ progenitor star [50], the plasma
frequency in the degenerate core of SN1987A is given
by ω2pl ' 4αµ2e/3pi, where µe = 5.15 keV(Yeρc)1/3 is
the electron chemical potential for the electron num-
ber per baryon Ye ' 0.2 and the core density ρc '
3 × 1014 (in the unit of g cm−3). The average core tem-
perature is Tc ' 30 MeV which is approximately constant
within the core radius rc ' 10 km during the neutrino
burst duration tdur ' 10 sec. The resulting ALP and
dark photon flux per unit energy over tdur is given by
dΦa,γ′
dω
=
1
4pid2
2ω
pi
√
4ω2 − ω2pl
e2ω/Tc − 1 Γpl
 4pi
3
r3c tdur , (30)
where d ' 50 kpc is the distance to SN1987A. For the
ALP parameter range of our interest, the produced ALPs
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FIG. 4. Red and blue colored regions in the space of
(ma, gaγγ′), which are excluded by stellar evolution and the
absence of γ-ray bursts from SN1987A for two different val-
ues of the background dark photon gauge field, BXT = 1µG
and BXT = 6.5µG. The benchmark values of ma and gaγγ′
for the galactic pulsar PSR J2021+3651 and the supernova
remnant IC443 given in (23) and (24) are marked with  and
⊗, respectively.
and dark photons escape freely from the SN core as their
mean free path is considerably larger than rc. We then
find the following total ALP and dark photon fluxes in
each energy bin:
Φ4.1−6.4 MeVa,γ′ ' 6.2 cm−2 × (gaγγ′/10−10 GeV−1)2,
Φ10−25 MeVa,γ′ ' 335 cm−2 × (gaγγ′/10−10 GeV−1)2, (31)
Φ25−100 MeVa,γ′ ' 361 cm−2 × (gaγγ′/10−10 GeV−1)2.
Part of the ALPs and dark photons emitted from
SN1987A can be converted into photons via the oscil-
lations fueled by the background BXT and BT , which
would result in a gamma-ray burst whose differential flux
is given by
dΦγ
dω
= Pa→γ
dΦa
dω
+ Pγ′→γ
dΦγ′
dω
= (Pa→γ + Pγ′→γ)
dΦa,γ′
dω
. (32)
For the photon-ALP oscillation caused by gaγγ , the galac-
tic magnetic fields (∼ µG) are the dominant source of
the conversion because the intergalactic magnetic fields
(< nG) are negligibly small. On the other hand, in our
case of the photon-ALP-dark photon oscillations induced
by gaγγ′ for the ALP mass ma = O(10−9 − 10−10) eV,
the intergalactic space between SN1987A and our Milky
way galaxy where BXT  BT mainly contributes to the
conversions. Note that in our case BXT is generated by a
cosmological mechanism and therefore its value in inter-
galactic space is similar to the value inside the Milky way
galaxy. For such intergalactic conversions, the dark pho-
ton is decoupled and the conversion probability is given
by
Pa→γ + Pγ′→γ ' Pa→γ
' ω
2
ω2 + ω2c
sin2
(
gaγγ′BXT d˜
2
)
, (33)
where we assumed that the coherent length of the back-
ground BXT is longer than the distance d˜ ' 50 kpc be-
tween SN1987A and the earth. Indeed, if BXT is gener-
ated by an additional ultra-light ALP φ at a late time
with mγ(t) < ma = O(10−9 − 10−10) eV, which will be
presented at the end of this section, the resulting coher-
ent length is much longer than d˜ ' 50 kpc.
Applying the upper bounds (29) to the photon flux
obtained from (32), we can get an upper bound on gaγγ′
for given values of ma and BXT . We depict the results
in Fig. 4 for two different values of the background dark
photon gauge fields, BXT = 1 and 6.5µG, which were
used in the previous section to explain the spectral ir-
regularities of the galactic pulsar PSR J2021+3651 and
the supernova remnant IC443. In Fig. 4, the red and
blue colored regions are excluded by the stellar evolution
constraint and the absence of gamma-ray bursts associ-
ated with SN1987A, respectively, and  and ⊗ denote
the ALP parameters which were chosen in the previous
section as the benchmark points for PSR J2021+3651
and IC443, respectively.
C. Other possible constraints
In the previous subsections, we discussed the con-
straints on gaγγ′ from stellar evolution and the absence of
γ-ray bursts from SN1987A. If the background dark pho-
ton gauge fields were generated early enough, e.g. in the
8early universe with an effective photon mass mγ(t) > ma,
our ALP coupling gaγγ′ is constrained also by the absence
of a significant distortion of CMB. It has been noticed
that in the presence of the primordial cosmological back-
ground magnetic field B0, the ALP coupling gaγγ can
induce a resonant conversion of CMB photons to ALP
when mγ(t) = ma, which would result in a distortion of
the CMB spectrum, thereby providing a bound on the
combination gaγγB0 [13–15]. The background dark pho-
ton field BXT & 1µG in our galaxy, which is required
to explain the spectral irregularities of the galactic pul-
sars and supernova remnants noticed in [7] and [8], can
not be amplified by the galactic dynamo mechanism [51]
and therefore should have a cosmological origin. This
implies that a similar size of background dark photon
gauge fields exist over the entire universe. If such cosmo-
logical BXT were generated in the early universe when
mγ(t) > ma = O(10−9) eV, so that CMB experiences a
resonant conversion to ALP when mγ(t) = ma, the re-
sults of [13–15] can be straightforwardly applied to our
case, yielding a bound gaγγ′〈BXT 〉 < 10−14 GeV−1µG
for an ALP mass ma = O(10−9) eV, where 〈BXT 〉
denotes the cosmic average of BXT . On the other
hand, as was noticed in the previous section, we need
gaγγ′BXT = O(10−10) GeV−1µG to explain the spec-
tral irregularities of the galactic pulsars and supernova
remnants, where now BXT corresponds to the local dark
photon field strength in our galaxy. As the local dark
photon field strength is expected to be similar to its cos-
mic average, this implies that the background dark pho-
ton gauge fields should be generated at a late time when
mγ(t) < ma = O(10−9) eV, i.e. at the red-shift
zX < zres ' few × 103 (34)
where zX denotes the red-shift factor at the time when
the background dark photon gauge fields are produced,
and zres is the red-shift factor when mγ(t) = ma =
O(10−9) eV.
As the background dark photon gauge fields were pro-
duced over the entire universe, they constitute a dark
radiation whose energy density can be parametrized in
the unit of the energy density of an additional relativis-
tic neutrino species as follows:
∆Neff(X) ' 0.42 〈E
2
X〉+ 〈B2X〉
(1µG)2
, (35)
where 〈EX〉 and 〈BX〉 are the spatially averaged dark
photon electric and magnetic fields today, which are ex-
pected to be comparable to the local field strengths in our
galaxy. If the dark photon gauge fields were produced be-
fore the matter-radiation equality, i.e. zX > zeq = 3400,
their cosmological energy density would be constrained
by the CMB power spectrum as ∆Neff(X) . 0.3 [52],
suggesting the local BXT . O(1)µG in our galaxy. On
the other hand, if BXT were produced after the matter-
radiation equality (or the recombination), which might
be required to avoid a significant distortion of CMB (see
(34)), this bound can be relaxed and BXT significantly
bigger than 1 µG is allowed. As we will see in the next
subsection, if generated by an ultra-light ALP well after
the matter-radiation equality, the produced BXT can be
even as large as O(10)µG without any conflict with the
known observational constraints.
The photon-ALP-dark photon oscillations induced by
gaγγ′ can result in spectral irregularities of other gamma-
ray sources, and non-observation of such irregularity may
provide an upper bound on gaγγ′ . Indeed it has been no-
ticed recently that the Fermi-LAT and MAGIC data of
gamma-rays from NGC1275 in the center of the Perseus
cluster suggest3 gaγγ . 10−12 GeV−1 for an ALP mass
ma = O(10−10 − 10−9) eV [10]. However such consider-
ation cannot be applied to our case because the possible
spectral irregularity caused by gaγγ′ severely depends on
the detailed profile (including the directions) of the back-
ground dark photon gauge fields4 along the line of sight
between the earth and NGC 1275, on which we don’t
have any information.
D. Generation of the background dark photon
gauge fields
A key ingredient of our scenario is the background
dark photon gauge fields EX and/or BX which are ei-
ther comparable to or even stronger than the galactic
magnetic fields B ∼ 1µG. As there is no reason that
the dark photon gauge fields are particularly strong in
our galaxy, it is expected that a comparable size of dark
photon gauge fields exist over the entire universe. An at-
tractive mechanism to generate such cosmological back-
ground gauge fields is to amplify the vacuum fluctuations
through the tachyonic instability caused by an evolving
axion-like field [16–24]. As was noticed in the previous
subsection, to avoid a resonant conversion of CMB to
ALP in the early universe [13–15], which would result in
a dangerous distortion of CMB spectrum, those dark pho-
ton gauge fields should be generated at a late time with
the corresponding red-shift factor zX < zres ' few × 103
where mγ(zres) = ma = O(10−9) eV. If one wishes to
have EX and/or BX significantly stronger than 1 µG,
then the background dark photon gauge fields need to be
generated well after the matter-radiation equality, e.g. at
zX < 1000, to avoid the bound on the dark photon en-
ergy density from the CMB power spectrum [52]. In the
following, we present an explicit model for such a late
generation of the cosmological background dark photon
gauge fields, involving an additional ultra-light ALP φ
3 A previous study [9] indicates that gaγγ = O(10−10) GeV−1 for
ma = O(10−9) eV is allowed by the same Fermi-LAT data on
the gamma-rays from NGC 1275, and therefore the result of [10]
should be taken with some caution.
4 It depends also on the profile of ordinary magnetic fields inside
the Perseus cluster.
9whose low energy effective Lagrangian is given by
Lφ = 1
2
∂µφ∂µφ− 1
2
m2φφ
2 − 1
4
gφγ′γ′φXµνX˜
µν . (36)
In the early universe with the Hubble expansion rate
H  mφ, φ is frozen at its initial value φi. Around the
time when H becomes comparable to mφ, more specifi-
cally at t = tosc when 3H(tosc) ' mφ, the ultra-light ALP
φ begins to oscillate, and evolves for a while as follows
φ(t) '
(
R(t)/R(tosc)
)−3/2
φi cos
(
mφ(t− tosc)
)
, (37)
where R(t) is the scale factor in the spacetime metric of
the expanding universe:
ds2 = dt2 −R2(t)d~x2 = R2(τ)(dτ2 − d~x2). (38)
Then the equation of motion for the dark photon field in
the momentum space is given by
X ′′k± + k(k ∓ gφγ′γ′φ′)Xk± = 0, (39)
where the prime represents the derivative with respect to
the conformal time τ , and the subscripts k and ± denote
the comoving momentum and the helicity, respectively.
This shows that in the oscillating background φ, one of
the helicity states of Xk experiences a tachyonic insta-
bility for certain range of k. The vacuum fluctuations of
Xk in this range of k are exponentially amplified to be a
stochastic classical field [16–24].
In order for this amplification mechanism to be effi-
cient enough in the expanding universe, the ALP cou-
pling gφγ′γ′ times the ALP initial value φi needs to be
large enough, for instance gXX ≡ gφγ′γ′φi & 70 to gener-
ate EX and/or BX & 1µG at a late time with zX < 1000.
If the amplification mechanism is efficient enough, the
produced dark photon gauge fields can affect significantly
the evolution of the ALP field φ, which should be taken
into account to compute the field strength of the pro-
duced dark photon gauge field and also the residual relic
energy density of φ [18–20]. As was demonstrated in
the recent works [19, 20], this can be achieved by a lat-
tice calculation of the cosmological evolution of ALP and
U(1) gauge field in the expanding universe. In order to
see explicitly that our mechanism can yield the desired
background dark photon gauge fields, following [19–21],
we performed such a lattice calculation of the present
values of the spacially averaged dark photon gauge field
strength and the relic mass density of φ for the parameter
region
mφ . 10−27 eV, 100 . gXX ≡ gφγ′γ′φi . 200, (40)
and find
〈BX〉
(
' 〈EX〉
)
' (1.2− 2)
( mφ
10−29 eV
)−1/3( φi
1017 GeV
)
µG, (41)
Ωφh
2 ' 10−4
(
φi
1017 GeV
)2
,
where the smaller (larger) field strength is obtained for
gXX = 100 (200). The red-shift factor zX at the time
when the dark photon gauge fields are produced and the
present coherent length λX of the produced dark photon
gauge fields are given by
λX ' 60
( mφ
10−29 eV
)−1/3
Mpc,
zX ' 50
( mφ
10−29 eV
)2/3
. (42)
To explain the gamma-ray spectral modulations no-
ticed in [7] and [8] through the photon-ALP-dark photon
oscillations, we need a background dark photon gauge
field BXT & 1µG in our galaxy, where ~BXT = 〈 ~BX〉 −
kˆ(kˆ ·〈 ~BX〉)−kˆ×〈 ~EX〉. As noticed in the previous subsec-
tion, those dark photon gauge fields should be produced
at a late time with the red-shift zX < 10
3 to avoid a
dangerous distortion of CMB [13–15], as well as the con-
straint on dark radiation from the CMB power spectrum
[52]. As for our specific mechanism to generate EX and
BX , there is an additional constraint. The relic mass
density of ultra-light φ should be small enough to be com-
patible with the CMB data, e.g. Ωφh
2 < 2.5 × 10−3 for
mφ = O(10−30−10−27) eV [53]. Our results (41) and (42)
show that our mechanism can successfully produce the
desired BXT ' 1− 10µG for mφ = O(10−30− 10−27) eV
and φi = O(1017) GeV, while satisfying all known obser-
vational constraints.
V. CONCLUSION
In this paper, we proposed a scenario that the spec-
tral irregularities of gamma-rays from some galactic pul-
sars and supernova remnants, which were recently no-
ticed in [7] and [8], are explained by means of an axion-
like particle (ALP) with a mass ma = O(10−9) eV
and the coupling gaγγ′aXµν F˜
µν in the range gaγγ′ =
O(10−11−10−10) GeV−1, where Fµν is the ordinary elec-
tromagnetic field and Xµν is the field strength of a mass-
less dark photon. A key ingredient of our scenario is
the presence of cosmological background dark photon
gauge fields, EX ∼ BX & 1µG, which can be suc-
cessfully generated by an additional ultra-light ALP φ
with mφ = O(10−30 − 10−27) eV and the initial field
value φi = O(1017) GeV, whose late coherent oscillations
cause a tachyonic instability of the dark photon gauge
fields and amplify their vacuum fluctuations to the de-
sired strength. Contrary to the scenario based on the
conventional ALP coupling gaγγaFµν F˜
µν , which was ex-
plored in [7] and [8], our scenario can be compatible with
the existing observational constraints.
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